Masayoshi AIKAWA †a) , Fellow and Eisuke NISHIYAMA † †b) , Member
Introduction
This paper describes very compact MIC 180 deg. hybrid circuits (called "magic-T" for short in this paper), and the integration with planar array antennas to create advanced wireless modules. Originally, a rectangular metallic waveguide hybrid circuit has been called "magic-T". In the MIC technology, a rat-race circuit and a phase-inverted hybrid ring [1] are known well as the MIC 180 deg. hybrid circuits. In addition to them, MIC magic-Ts are another kind of 180 deg. hybrid circuits that are composed of an in-phase combiner/divider and an out-of-phase combiner/divider [2] . The attention here is focused on the essential features of the compact MIC magic-Ts to be integrated effectively with planar array antennas.
The planar array antennas have been progressing, because they are small volume, light weight and very suitable to be integrated with semi-conductor devices and ICs [3] , [4] . Moreover, they can be mass-produced at low cost, because of the use of printed circuit technology. Moreover, various kinds of reconfigurable antennas have been investigated in recent years for the increasing demands of various wireless modules in the ubiquitous society [5] - [7] .
MIC magic-Ts are nothing more than 180 deg. hybrid circuits. However, the integration with array antennas can create advanced and more functional antennas due to the multiplier effect of the integration. The authors took notice of the correlative RF signals on each array antenna element. Needless to say, the correlative signals are very usual on Manuscript a planar array antenna. The correlative RF signals, more specifically, the same amplitude signals with some phase difference, in-phase signals or out-of-phase signals, orthogonal signals etc. are very suitable and effective for the direct RF signal processing for advanced array antennas. The magic-Ts can play the important and main roles for processing or preprocessing the correlated RF signals. This paper firstly investigates the MIC magic-Ts from the viewpoint of both the circuit configuration and their circuitry functions. As a result, very compact magic-Ts using the orthogonal transmission modes are introduced as well as their vectorial transformation. They are practically essential points to be integrated with planar array antennas. Especially, their port layout and the compactness are regarded of major importance on the supposition that they are integrated with planar array antennas. In addition, the vectorial transformation of magic-Ts is also of importance from the point of view of RF signal processing. This vectorial transformation is very effective for processing the correlative RF signals on array antenna elements. Finally, a couple of array antennas based on the integration concept are schematically presented to demonstrate the practical advantages of the concerned integration.
Magic-T and the Integration with Planar Array Antenna

MIC Magic-T [2]
Magic-Ts are fundamentally composed of two kinds of combiner/dividers, that is, an "in-phase combiner/divider" and an "out-of-phase combiner/divider". That is generally the basic principle of 180 deg. hybrid circuits such as the conventional rectangular metallic waveguide Magic-T, rat-race circuit and phase-inverted hybrid ring, etc. Figure 1 shows the basic structure and the composition of a compact MIC magic-T. In this figure, arrows indicate the schematic electric fields on the transmission lines. In this paper, according to the rectangular metallic waveguide magic-T, out-of-phase port, in-phase port and the other two ports are indicated by "Port E", "Port H", and "Port 1" & "Port 2", respectively. As shown in this figure, in addition to the in-phase combiner/divider (microstrip line T-branch), an out-ofphase combiner/divider is essential to compose a magic-T. In Fig. 1 , RF signal input at Port E is divided out of phase to Port 1 and 2 via the slot-microstrip T-branch. On the other hand, RF signal input at Port H is divided in phase to Port 1 and 2 via the microstrip T-branch. There is no coupling between the two RF signals in principle, because they are modally orthogonal to each other. Therefore, the in-phase dividing/combining and the out-of-phase dividing/combining are independently possible in a very wide frequency band [2] . They are also very precise vectorial transformations, "vectorial sum" and "vectorial difference" operations for dual RF signals due to the symmetric configuration.
The out-of-phase combiner/divider necessarily needs a balanced-mode transmission line such as slot line, coupled microstrip lines, coplanar waveguide (CPW) or the modified coplanar waveguide. Figure 2 shows the cross sections of the CPW and the modified CPW. As for the coplanar waveguide and the modified coplanar waveguide, they can transmit the orthogonal transmission modes, so-called "oddmode" and "even-mode". This is possible by their symmetric structure of three conductor lines. As the odd mode is regarded as a kind of the balanced mode, the orthogonal modes can be used to form the various kinds of magic-Ts. As shown in Fig. 2 , the coplanar waveguide can be considered to be a coupled slot line. The modified coplanar waveguide can be also considered to be a coupled transmission line of a microstrip line and a slot line. The capability to transmit the orthogonal modes is very useful to arrange the port layout flexibly. Figure 3 shows a couple of compact MIC magic-Ts. As for the types (a) ∼ (c), Port E and Port H are located at the opposite side to each other with respect to the Port 1 and 2. On the other hand, the types (d) ∼ (f) use the modified CPW as the orthogonal transmission modes. Consequently, their Ports E and H can be located on the same side with respect to the Port 1 and 2, as shown in this figure. This latter port layout is occasionally very effective to be integrated in practical microwave circuits planar array antennas. 
Compact MIC Magic-T and the Application to the Array Antenna
Magic-Ts described above are so compact and simple that they are very suitable to be integrated with planar array antennas. The remarkable features of the MIC magic-Ts are as follows, (i) Dual RF signals can be processed individually with no coupling in principle due to the orthogonal mode behavior. (ii) The vectorial sum and the vectorial difference operations can be very accurately done in high frequency band up to millimeter-wave band. (iii) The design of magic-Ts is highly flexible, especially for the port layout and the kind of transmission lines. (iv) The frequency characteristics are very wide, because the limit factor in these magic-Ts is mainly a quarter wavelength stub as shown in Fig. 1 and Fig. 3 .
By the way, planar array antennas have been progressing in recent years for the increasing various demands in the ubiquitous society. It is caused by the above-mentioned features of small volume, lightweight, low cost and easy integration with semiconductor devises and ICs. The main subject of this paper is the integration of the planar array antenna and the magic-T. The authors focused their concentration to the following points, (i) Four features above of magic-Ts are very suitable and effective to process the correlative RF signals on array antenna elements. (ii) Very compact magic-Ts shown in Fig. 3 are also very suitable for the integration with planar array antenna.
In the investigation, the authors took notice of the correlative RF signals on array antenna elements, namely, same amplitude signals, in-phase or out-of-phase signals, orthogonal signals etc. The magic-Ts can be the most appropriate for processing or preprocessing these correlative RF signals. As a result, the remarkable advantages of the integration can From the viewpoint of the applications to array antennas, the first advantage (1) is very effective to realize dualband antenna, polarization diversity antenna and dual polarization transceiver, etc. The advantages (2) and (3) are also very attractive for the integration with array antennas such as beam steering array antenna, arrival angle sensing antenna, wide directivity angle rectenna, orthogonal polarization detection antenna, etc. In these applications, the crucial point is the vectorial transformation of the RF signals on array antenna elements. The vectorial sum and the vectorial difference of RF signals can be operated very precisely and simultaneously in microwave and millimeter-wave bands, and vice versa. Therefore, this bilateral operation is useful especially to realize advanced array antenna such as a phased array antenna or various kinds of wireless sensors. The schematic configurations and the basic behaviors of the array antennas integrated with magic-Ts are schematically described in the following section. 
Array Antenna Integrated with Magic-T
As mentioned above, magic-Ts have noticeable features to be integrated with planar array antennas. In this section, several integration examples are schematically explained to demonstrate the promising and diversified potentiality of the integration. [8] , [9] Figure 5 shows an orthogonal polarization array antenna, where a magic-T is used as a RF power combiner/divider in the feed circuit. As the magic-T is composed of the orthogonal transmission line, dual RF signals can be fed to the CPW individually. The even mode signal and the odd mode signal on the CPW correspond to the vertical polarization and the horizontal polarization, respectively as indicated by the arrows of the schematic RF signals. In the case of a transmitting antenna, the even mode signal and the odd mode signal are divided to the slot line and the microstrip line, respectively. Figure 6 is also an orthogonal polarization slot ring array antenna, which is formed on a two-layer substrate. In this array antenna, two magic-Ts are perpendicularly located on layer 1 and layer 3, respectively. They provide their own port E (slot line) to each other, and then the dual RF signals can be fed with no coupling due to the effective use of the orthogonal transmission modes in the feed circuit.
Orthogonal Polarization Array Antenna
Orthogonal Polarization Switchable Array Antenna
[10]-[12] Figure 7 shows an orthogonal linear polarization switchable array antenna, where the magic-T is used to compose the RF signal on the slot line and the diode switching voltage (V cont. ). The diodes loaded at the corners of the patch elements are ON/OFF switched by the V cont. , and then the polarization angle φ is orthogonally switched to +45 deg. or −45 deg. linear polarizations. Needless to say, it can also receive the orthogonally polarized RF signal selectively. Moreover, this array antenna can be used as an orthogonal linear polarization detection antenna, where the diodes directly detect RF signals and the detected output is available at V det. port.
Arrival Angle Sensing Array Antenna [13]
This is one of the typical applications to demonstrate the integration advantages, where the array antenna effectively uses both the correlative RF signals on antenna elements and the precise vectorial operations of magic-Ts. In general, the received RF signals on each antenna element have the same amplitude with some different phase. The phase difference is dependent mainly on the arrival angle. It is caused by the special coherency of uniform electromagnetic waves. Figures 8(a) , (b) and (c) show an arrival angle sensing array antenna, the RF signal processing flow and the vectorial expression, respectively. In this array antenna, two magic-Ts transform the received RF signals (#1, #2) into Σ and Δ signals which are orthogonal to each other as shown in Fig. 8(c) . The arrival angle on y-z plane can be simply calculated by the power ratio "Δ/Σ" and the antenna directivity, that is based on the monopulse radar principle. Moreover, this array can be used as a rectenna, which has a wide-angle directivity to use the vector sum together with the vector difference operations of the magic-T.
Beam Steering Array Antenna [14]
The reverse signal flow of the arrival angle sensing behavior shown in Fig. 8 is also true, because magic-Ts are passive and bilateral circuits. It means that the arrival angle sensing array antenna can be also used as a beam steering array antenna. Figure 9 shows the basic configuration of the array antenna. In this case, the orthogonal RF signals (indicated by "even" and "odd") are fed to an orthogonal mode transmission line (the modified CPW), and are composed into the same amplitude signals (#1, #2) with phase difference φ by the magic-T, as shown in Fig. 9(b) . The phase difference φ for the beam steering can be easily controlled by the RF signal power ratio "even/odd". These orthogonal RF signals ("even", "odd") can be easily generated by using a magic-T and a phase shifter on the reverse signal flow.
Double-Balanced RF Multiplier and Polarization
Detection Array Antenna [15] , [16] A magic-T is functionally equivalent with a "hybrid-coils" that are generally used in lower frequency bands. On the other hand, balanced RF signals, namely out-of phase signals can be naturally obtained in array antenna by using the mirror symmetric array antenna [17] . Therefore, a balanced RF multiplier on an array antenna can be very suitable circuit for the RF signal processing. For example, the orthogonal polarization detection array antenna can be simply achieved as shown in Fig. 10 of the multiplier based on the conventional ring-modulator principle. The balanced RF signals obtained on array antennas are practically suitable for the RF signal processing by such a balanced-type microwave circuit.
Conclusion
This paper described very compact MIC magic-Ts from the viewpoint of the port layout and the vectorial operation, and their integration with planar array antennas. The orthogonal transmission modes are effectively used to arrange the Port E and Port H at the same side with respect to the other two ports (Port 1 & Port 2). This particular port layout of magic-Ts is one of the practical features in integration with planar array antennas. In addition, the vectorial transformation of magic-Ts is also of importance for the direct RF signal processing. This vectorial transformation is very effective to enhance the functions of the array antenna and the wireless module.
The integration of magic-Ts and planar array antennas can create practical advantages that are very effective to develop the advanced array antennas. A couple of application examples based on the practical advantages of the integration have been schematically surveyed. They can also stress that this integration approach has a promising and diversified potentiality to originate various kinds of advanced wireless modules in the ubiquitous society.
